Abstract Semaphorins form a family of secreted and membrane-bound molecules that were identified originally as axonal guidance factors during neuronal development. Given their wide distribution in many including mature tissues, semaphorin 4D (sema4D) and its main functional receptor plexin B1 (plxnB1) are expected to fulfill additional functions that remain to be uncovered. A main characteristic of the plexin receptor family is its ability to reorganize the cytoskeleton. PlxnB1 specifically may directly interact with Rho family GTPases to regulate F-actin driven pathways in cells in culture. Diurnal clearance phagocytosis by the retinal pigment epithelium (RPE) of photoreceptor outer segment fragments (POS) is critical for photoreceptor function and longevity. In this process, rearrangement of RPE cytoskeletal F-actin via activation of the Rho family GTPase Rac1 is essential for POS internalization. Here, we show a novel role in POS phagocytosis by RPE cells in culture and in vivo for plexin B1 and its ligand sema4D. Exogenous sema4D abolishes POS internalization (but not binding) by differentiated RPE cells in culture by decreasing the GTP load of Rac1. In the rat eye, sema4D localizes to retinal photoreceptors, while PlxnB1 is expressed by neighboring RPE cells. At the peak of diurnal retinal phagocytosis after light onset, plxnB1 phosphorylation and sema4D levels are reduced in wild-type rat retina in situ but not in mutant RCS rat retina in which the RPE lacks phagocytic activity. Finally, increased POS phagosome content after light onset is observed in the RPE in situ of mice with either plxnB1 or sema4D gene deletion. Altogether, our results demonstrate a novel physiological function for sema4D/plxnB1 signaling in RPE phagocytosis serving as attenuating brake prior to light onset whose release enables the diurnal phagocytic burst.
Introduction
Semaphorins form a large and diverse family of secreted or membrane-associated glycoproteins defined by a cysteinerich semaphorin protein domain [1] . The main functional transmembrane receptors for semaphorins are members of the plexin family [2, 3] , although a subset of secreted semaphorins requires association of neuropilin co-receptors. Semaphorins were first identified in the central nervous system and found to function as axon guidance molecules. More recently, semaphorins have been shown to also contribute to cell signaling in tissues other than the nervous system. Semaphorin 4D (sema4D) specifically is widely expressed, and binding to its high affinity binding receptor plexin B1 (plxnB1) affects many physiological functions, such as immune responses, angiogenesis, tumorigenesis, and metastasis.
Plexins are large single-transmembrane spanning proteins with conserved extracellular motifs such as the sema domain [4] , the cysteine-rich PSI motifs (plexin-semaphorin-integrin domain), and the IPT (Ig-like, plexins, transcription factors) domain [5] . These domains are thought to have roles in protein-protein interactions. The intracellular tail of plexins contains GTPase-activating protein (GAP) like motifs and a domain that has been shown to directly interact with Rho family GTPases such as Rnd1 and Rac1 [6] [7] [8] [9] . Plexins may also interact with guanosine nucleotide exchange factors (GEFs) [10] . Altogether, semaphorin-plexin signaling ultimately regulates Rho GTPases in a manner dependent on cell type or cell function. PlxnB1 specifically may interact with active Rac1 in a sema4D ligand-dependent manner [11, 12] and may promote integrin-dependent activation of AKT through RhoA and Rho kinase (ROCK) [13] .
In the vertebrate eye, daily clearance phagocytosis of spent photoreceptor outer segment fragments (POS) by the retinal pigment epithelium (RPE) is a critical part of the outer segment renewal program that maintains photoreceptor function and longevity. POS shedding every morning precisely compensates for outer segment elongation through biosynthesis to maintain constant outer segment length for life. Too much or too little removal of POS per day by RPE cells will gradually damage outer segments and ultimately harm photoreceptors and impair vision. POS clearance occurs as a burst after light onset that is synchronized by RPE signaling pathways. Exposure of phosphatidylserine Beat me^signal on outer segment tips destined to be shed recruits extracellular milk fat globule-epidermal growth factor 8 (MFG-E8) [14, 15] that serves to tether POS to apical αvβ5 integrin receptors of the RPE [16] . Integrin engagement by POS binding activates tyrosine kinase signaling via focal adhesion kinase (FAK) and Mer tyrosine kinase (MerTK) [17, 18] . MerTK activity is essential for internalization of bound POS. Recruitment of dynamic F-actin to transient structures called phagocytic cups beneath bound POS requires a brief burst of Rac1 activity, which is also stimulated by αvβ5 signaling albeit independently of FAK and MerTK [19] . In addition, signaling by phosphoinositide 3-kinases (PI3 kinases) and their direct downstream effectors AKT serine/threonine kinases contributes to regulating phagocytic cup size in RPE cells [20] .
Here, we reveal a novel role of sema4D and its receptor plxnB1 in POS phagocytosis by RPE cells. We find that adding extracellular sema4D abolishes POS internalization by polarized, differentiated human RPE cells in culture by inhibiting Rac1. Moreover, plxnB1 phosphorylation and sema4D protein levels are reduced during the daily peak of phagocytosis in wild-type (WT) rat eyes, and this pattern is reversed in Royal College of Surgeons (RCS) MerTKdeficient rat eyes whose RPE cannot phagocytose POS. Finally, mice with sema4D or plxnB1 gene deletion show increased POS internalization at light onset. Altogether, these results support a novel inhibitory function of sema4D/plxnB1 signaling that attenuates the RPE phagocytic activity before the daily phagocytic burst.
Materials and Methods
Reagents were purchased from Sigma (St. Louis, MO) or Thermofisher (Waltham, MA) unless otherwise stated.
Antibodies
Primary antibodies against the following proteins were used: PlxnB1, RhoA and β5 Integrin (Santa Cruz Biotechnology, Santa Cruz, CA), Rac 1 (BD Biosciences, San Jose, CA), sema4D (Millipore, Billerica, MA, and Bio-Techne, Minneapolis, MN), RPE65 (Genetex, Irvine, CA), porin, AKT and phospho-AKT (ser473) (Cell Signaling, Danvers, MA), MerTK and MFG-E8 (Bio-Techne), rhodopsin clone B6-30 [21] , PSD 95 (EMD Millipore), β-actin (Sigma), and ZO-1 (Thermofisher).
Cell Culture, GTPase Activity Assays, and Adenovirus Infection All human tissue research followed the tenets of the Declaration of Helsinki and the NIH institutional review board. Fetal human eyes from donors at 16 to 22 weeks of gestation were obtained from Advanced Bioscience Resources (ABR, Alameda, CA). Primary human retinal pigment epithelial cells (hRPE) were generated and routinely maintained precisely according to published protocols [22] at 37°C and 5% CO 2 in αMEM supplemented with 5% FBS, N1 supplement, glutamine-penicillin-streptomycin, and nonessential amino acid solution (all 1:100). In addition, hydrocortisone (20 μg/L), taurine (250 mg/L), and triiodothyronin (0.013 μg/L) (THT) were dissolved in PBS and aliquots stored at −80°C until added at 1: 500 [22] . Before use for experiments, cells were grown in multi-well plates with or without glass coverslips for 25 days to yield postmitotic and polarized epithelial monolayers with high similarity to native human RPE [22] .
G-LISA GTPase activity assays (cytoskeleton) were performed following the manufacturer's instructions on fresh lysates of hRPE cells with bound POS incubated with complete medium with 10% delipidated FBS in the presence or absence of recombinant sema4D (0.5 μM). T o t a l s a m p l e G T P a s e s w e r e d e t e c t e d b y immunoblotting.
Replication-defective, recombinant adenovirus encoding β-galactosidase or constitutively active Rac1 (RacL63, CARac1) (both Cell Biolabs, San Diego, CA) were diluted in serum-free αMEM and added to hRPE cells overnight. After infection, cells were incubated in complete medium for 24 h before experiments.
POS Phagocytosis Assay
POS were purified from porcine eyes obtained fresh from a local slaughterhouse according to established procedures [23, 24] . Purified POS were covalently labeled with fluorescent dye by incubation in 0.1 mg/ml Texas Red-X succinimidyl ester for 1.5 h on a rocker in the dark at room temperature. Cells were incubated with 10 POS/cell in serum-free DMEM supplemented with 1.25 μg/ml recombinant human MFG-E8 (Bio-Techne) for 1 h at 37°C without FBS to allow only POS binding [25] . Active human sema4D protein fragment (Abcam, Cambridge, MA) was added to select samples.
After POS incubation, cells were washed three times with phosphate buffered saline with 0.1 mM CaCl 2 (PBS-CM) and fixed with 4% paraformaldehyde in PBS-CM for 20 min or continued incubation at 37°C in DMEM with 10% delipidated FBS (Cocalico Biologicals, Reamstown, PA) to permit internalization of bound POS. After POS internalization, samples were fixed as above followed by counterstain with ZO-1 antibody and AlexaFluor-conjugated secondary antibody or with AlexaFluor-conjugated phalloidin and DAPI. Image stacks were obtained using a Leica TSP5 laser scanning confocal microscopy system and compiled in Adobe Photoshop CS4 (Adobe, San Jose, CA). Images were pseudo-colored to display POS in green, ZO-1/F-actin counterstain in red, and nuclei in blue.
Animals and Tissue Harvest
All procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and reviewed and approved by according to institutional requirements. Animals were raised and housed under cyclic 12-h light/12-h dark lighting conditions and fed standard chow ad libitum.
WT Long Evans (LE) originally from Charles River Laboratories and MerTK null RCS rats [18] were bred and used for experiments at 19 days of age.
Sema4D knockout mice described previously [26] and agematched C57Bl/6 WT mice were raised by Dr. Masayuki Mizui (Osaka University, Japan). PlxnB1 knockout mice described previously [27] and age-matched C57Bl6 WT control mice were kindly provided by Dr. Eszter Paldy (University of Heidelberg, Germany). All mice were used at 3-4 months of age.
For all experiments, animals were sacrificed by CO 2 asphyxiation at defined times with respect to light onset before immediate enucleation of eyeballs, tissue fixation, or dissection.
Whole Mount Tissue Labeling and Microscopy
For detection of sema4D expression in neural retina, WT and RCS rats were sacrificed 1 h before or after light onset followed by immediate eye enucleation and dissection in ice-cold Hanks buffered saline solution. Freshly dissected whole neural retinas were then incubated in PBS-CM with nonimmune IgG or antibody to sema4D (15 μg/ml) for 1 h on ice followed by three washes with PBS-CM and incubation with AlexaFluor-conjugated secondary antibodies, peanut agglutinin, or wheat germ agglutinin lectins. Retinas were fixed after labeling with 1% paraformaldehyde in PBS-CM for 10 min and mounted photoreceptor side up in Vectashield (Vector Labs, Burlingame, CA). Single photoreceptor cells were obtained by gently micropipetting immunolabeled, fixed retinas before mounting on Tissue-Tek-coated glass slides and immediate imaging.
For immunostaining of plxB1 in whole mount choroid/ RPE, posterior eyecups isolated from rat eyes harvested 1 h before light onset were fixed in 4% paraformaldehyde in PBS-CM for 20 min and stained with plxnB1 and ZO-1 antibodies and AlexaFluor-conjugated secondary antibodies.
Image stacks were obtained using a Leica TSP5 laser scanning confocal microscopy system and compiled in Adobe Photoshop CS4.
Tissue Sectioning, Labeling, POS Quantification, and Microscopy
Eye tissue processing and ex situ POS phagosome quantification were performed exactly as published in detail recently [28] . In brief, the anterior segment of fixed eyeballs were embedded in paraffin. Deparaffinized sections were labeled with opsin antibody B6-30 and DAPI nuclei counterstain for phagosome counting or stained with hematoxylin and eosin to analyze the gross morphology of the retina. Image stacks were obtained using a Leica TSP5 laser scanning confocal microscopy system and compiled in Adobe Photoshop CS4.
Immunoprecipitation
Rat eyes were dissected 1 h before or after light onset and lysed in 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 2% Triton-X100. Cleared lysates were subjected to immunoprecipitation with sepharose beadconjugated phosphotyrosine antibody (Cell Signaling) following the manufacturer's instructions. Tyrosine phosphorylation of PlxnB1 was detected by immunoblotting immunoprecipitates with PlxnB1 antibody and quantified relative to total cellular PlxnB1 as detected in whole cell lysates.
Sample Lysis and Immunoblotting
Samples were lysed in 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 2% Triton-X100. Cleared lysates were supplemented with reducing SDS sample buffer and boiled for 5 min before separation on SDSpolyacrylamide gels using standard protocols. Proteins were transferred to nitrocellulose membranes, incubated with primary and appropriate horseradish peroxidase-conjugated secondary antibodies followed by enhanced chemiluminescence detection (Perkin-Elmer, Waltham, MA). X-ray films were scanned and images processed using Photoshop CS4. Bands were quantified by densitometry using ImageQuant. Molecular sizes of proteins are indicated in figure legends. Bands were detected on blots at locations as predicted given proteins' molecular sizes.
Statistical Analysis
All experiments were performed at least three times independently with duplicate samples. Samples were first analyzed using one-way ANOVA to determine significant variance among groups. If significance was established, difference of selected treated samples to control sample was determined using Bonferroni's multiple comparison test. Student's t test was used to determine the difference between two samples where appropriate. p values <0.05 were considered statistically significant differences.
Results

Sema4D Abrogates POS Internalization via Inhibition of Rac1 in hRPE Cells
In order to directly test if sema4D/plxnB1 signaling affects the RPE phagocytic activity toward POS, we performed synchronized phagocytosis assays on hRPE cells in culture with or without adding extra recombinant sema4D protein. To quantify POS binding alone, hRPE cells received fluorescent POS for 1 h in culture medium with (+sema) or without sema4D (CTL) with αvβ5 integrin-ligand MFG-E8 while omitting fetal bovine serum (FBS), whose MerTK ligands are needed in culture assays to stimulate internalization. Co-staining of the tight junction marker protein ZO-1 was used to delimit the apical from the basolateral plasma membrane with proteins that localize above ZO-1 considered apical in polarized cells. To quantify internalization of POS in the absence of exogenous sema4D, cells with prebound POS were washed to remove unbound POS and then further incubated in complete medium with 10% FBS to allow internalization for 4 h in the presence (+FBS +sema) or absence (+FBS) of recombinant sema4D. To confirm the requirement of FBS for internalization, control cells were incubated for 4 h with culture medium without FBS (CTL). Co-staining of the F-actin cytoskeleton was used to label the outline of cells. Figure 1a , b shows that sema4D did not affect POS binding. x-z views of images confirmed that POS remained surface-bound (Fig. 1a, x-z). In the presence of FBS (+FBS) bound POS were internalized and were observed as fragmented POS in the cells at the level of the nuclei and in x-z views (Fig.1c , center row and x-z). However, adding sema4D abrogated POS internalization stimulated by FBS (Fig. 1c , compare panels in middle row and x-z, and 1d).
We previously reported that inhibition of AKT enhances POS internalization, which also requires activation of the Factin regulator Rac1 GTPase [19, 20] . We therefore next tested whether the presence of sema4D during POS engulfment affected RPE signaling by AKT, Rac1, or the closely related RhoA. Like in the first experiment, cells with prebound POS received media with FBS alone or with FBS and sema4D before quantification of signaling activities after further incubation for 0.5, 1, or 2 h. Steady-state protein levels of AKT, RhoA, and Rac1 remained unchanged during POS phagocytosis (Fig. 2a) . Immunoblotting for AKT phosphorylated at serine residue 473 revealed that POS challenge robustly stimulated AKT phosphorylation at this residue (as we previously reported), and this was not altered by the presence of sema4D (Fig. 2a, b) . Quantification of GTP load of RhoA in the same RPE samples showed that sema4D did not alter RhoA activity, which did not change during the POS phagocytosis experiment (Fig. 2c) . In contrast, sema4D prevented the increase in GTP load of Rac1 during FBS-stimulated POS internalization (Fig. 2d) . Furthermore, expressing a constitutively active form of Rac1 (Fig. 2e ) was sufficient to restore POS internalization in the presence of sema4D (Fig. 2f, g ).
Taken together, these results show that sema4D inhibits POS phagocytosis by RPE cells by interfering with the activation of Rac1.
In the Eye, the RPE Expresses PlxnB1 Receptor While Its Sema4D Ligand Localizes to the Photoreceptors of the Adjacent Neural Retina
To determine if plxnB1 and its ligand sema4D localize to the site of POS phagocytosis in the mammalian eye, we performed tissue fractionation assays. As we expect proteins to be involved in POS phagocytosis to be present 1 h before light onset, we decided to determine expression and localization of sema4D and plxnB1 at this time point. Neural retina and RPE/choroid (posterior eyecup) fractions dissected from WT rat eyes were first analyzed by immunoblotting. Figure 3a shows that plxnB1 is detected in the RPE/choroid but not in the neural retina (NR). In contrast, sema4D is enriched in the neural retina. Depletion of the RPE marker protein RPE65 from the neural retina fraction confirmed acceptable purity of isolated fractions. We next sought to complement these experiments with microscopy of fixed tissue sections. Unfortunately, despite considerable effort, we were unable to obtain specific immunofluorescence signals from available commercial antibodies to these proteins in sections from rat or mouse eye tissues that were extensively processed for cryoprotection or paraffin embedding. As an alternative, we therefore immunostained live or gently fixed whole mount retinas and posterior eyecups from WT rat eyes. To study receptor localization in the RPE, we labeled plxnB1 in whole mount samples of freshly fixed posterior eyecups after removal of the neural retina. PlxnB1 was detected in RPE cells (Fig. 3b, x-y) and importantly, co-staining with marker protein ZO-1 and x-z confocal scanning showed that the receptor localizes to the apical side of the RPE (Fig. 3b, x-z) .
Taking advantage of a sema4D antibody that recognizes the extracellular domain of the protein, we next used it to stain live tissues that were chilled immediately after isolation. Sema4D antibody labeling of live posterior eyecups only yielded negligible staining of what appeared to be outer segments of photoreceptors that stuck to the RPE during neural (Fig. 3c) . However, abundant sema4D antibody labeling was seen at the exposed photoreceptor outer segment surface of the neural retina where it displayed a punctate pattern (Fig. 3d, lower panel shows higher magnification) . Sema4D antibody labeling was specific as incubation of parallel samples with nonimmune antibody only resulted in weak background staining (Fig. 3e) . To identify in which types of photoreceptor sema4D is present, we next double labeled unfixed whole mount retinas with sema4D antibody and the fluorescent lectins peanut agglutinin (PNA) or wheat germ agglutinin (WGA), which label the extracellular sheaths of outer segments of cones and rods, respectively. Observing intact retinal whole mounts fixed immediately after labeling, we found sema4D staining at outer segments of cones but not of rods (Fig. 4, compare a and b) . Moreover, observing single cones and rods after dissociating the stained retina followed by fixation and imaging, we found sema4D in all PNApositive but not in WGA-positive photoreceptor cells (Fig. 4, compare c and d) . In sema4D/WGA double labeling experiments, sema4D-positive cells were observed (but were not labeled with WGA) confirming that WGA staining did not interfere with WGA labeling (Fig. 4e) . Altogether, these experiments demonstrate that sema4D localizes to cone outer segments in the rat retina. Mammalian photoreceptor outer segment shedding and RPE phagocytosis are subject to circadian regulation such that the peak of POS phagocytosis occurs daily after light onset and phagocytosis is minimal 8 h later. To test if sema4D interaction with plxnB1 is relevant to diurnal POS phagocytosis in vivo, we analyzed receptor tyrosine phosphorylation (indicative of activation by sema4D [29] ) and ligand levels in retinal tissues during diurnal POS clearance. Comparison of rat retina/RPE samples harvested at different time points revealed that levels sema4D ligand in the retina significantly decreased ) and WGA (shown in green) did not yield cells with both labels. WGApositive cells were found but were negative for sema4D (d), while all sema4D-positive cells found were negative for WGA (e). Note that PNA and WGA were used merely to identify photoreceptors types; our experiment did not test if there was specific colocalization of sema4D and either label. Scale bar 10 μm. All fields show representative maximal projections of x-y confocal image stacks obtained in three independent experiments . e Control staining with non-specific primary antibodies followed by secondary antibody at the same two magnifications as d. Blot panels and microscopy fields show representative images obtained from three experiments performed independently between 1 h before and 1 h after light onset, which corresponds to the time of peak RPE phagocytosis activity (Fig. 5a ). Three hours after light onset, levels were similar to 1 h before light onset (Fig. 5a) . At time points past the daily burst of phagocytosis, (5, 8 , and 12 h after light onset), sema4D levels were significantly higher than at 1 h before light onset (Fig. 5a) . Like sema4D levels, plxnB1 tyrosine phosphorylation was lower at peak phagocytosis time 1 h after light onset as compared to 1 h before light onset (Fig. 5b) . To test if these ligand and receptor changes depend on an active phagocytic pathway of the RPE, we performed the same experiments with tissues from RCS rats whose RPE fails to internalize POS. Surprisingly, both ligand level and receptor phosphorylation significantly increased by 1 h after light onset in RCS retina/RPE and sema4D levels remained elevated at later time points tested (Fig. 5c, d ). Comparing sema4D levels specifically at outer segments by live retina whole mount tissue immunostaining (as in Fig. 4 ) confirmed a dramatic decrease in sema4D in WT, phagocytic rat retina from 1 h before to 1 h after light onset (Fig. 6a, b) . Live sema4D immunostaining in RCS whole mount retina displayed the opposite pattern (Fig. 6c, d) , with an approximate doubling of ligand staining after light onset, in agreement with the results obtained by immunoblotting.
Taken together, these results show that sema4D/plxnB1 signaling decreases specifically at the time of the phagocytic burst of the RPE and this regulation is altered in nonphagocytic RPE. The more pronounced reduction in ligand levels as observed by microscopy as compared to whole retina/RPE immunoblotting suggests that changes after light onset are likely confined to the outer segment RPE interface.
The RPE of Sema4D and PlxnB1 Knockout Mice Phagocytoses Excess POS at Light Onset
To test if sema4D/plxnB1 signaling not only responds but also contributes to the RPE phagocytosis mechanism, we next Representative blots are shown. Bars show densitometry quantification, mean ± SD, n = 3. Asterisks indicate significant difference of plxnB1 phosphorylation and sema4D levels 1 h after light onset as compared to 1 h before light, p < 0.05 by ANOVA. Differences in sema4D levels between 1 h before and 5, 8, and 12 h after light onset were also significant but are not marked by asterisks Fig. 6 Live labeling with sema4D antibody shows change of outer retina sema4D in WT and RCS retina comparing before and after light onset. a Live sema4D antibody and secondary antibody labeling (shown in red) of whole mount WT retina 1 h before and after light onset as indicated. b Quantification of signal intensity of images as in a. c Labeling of RCS rat retina as in a. d Quantification of signal intensity of images as in c. Images show representative maximal projections of x-y confocal image stacks obtained in three independent experiments. Scale bars 10 μm. Bars show mean ± SD of three independent experiments with duplicate samples each. Asterisks indicate significant difference of sema4D levels before and after light onset, p < 0.05 by Student's t test asked if lack of ligand or receptor in knockout (KO) mice affects this process. To this end, we characterized POS phagosome content of the RPE in situ 1 h before light (just prior to POS uptake), 1 h after light (the time of peak POS phagosome content of the RPE), and 8 h after light (when POS phagosome content in the RPE is minimal as POS have been degraded [15] ). Comparing stained sectioned retinal tissues of sema4D KO [26] and age-and strain-matched WT mice, we did not find obvious abnormalities in sema4D KO retina (Fig. 7a) . Protein levels of β5 integrin and MerTK receptors, involved in POS binding and internalization, respectively, were similar in WT and sema4D KO retina/RPE extracts. The same was true for levels of PSD95 and RPE65, key photoreceptor synapse and RPE visual cycle enzyme proteins, respectively [30] . We noted 43% more MFG-E8, the physiological ligand for the POS recognition receptor αvβ5 integrin [15] before light onset in sema4D KO retina as compared to WT, but levels were comparable at the other time points (Fig. 7b) .
To directly compare the phagocytic activity of the RPE of sema4D KO and WT mice, we next quantified the frequency of POS-opsin-containing phagosomes in the RPE. In both mutant and WT retina, RPE phagosome content was significantly higher 1 h after than 8 h after light onset indicating that sema4D KO retina retains a diurnal rhythm of POS clearance (Fig. 7c, d) . Notably, peak phagosome frequency in sema4D KO RPE was significantly increased, by 83% as compared to WT RPE (Fig. 7d) . No difference in phagosome content was observed at the late time point indicating that sema4D KO RPE was able to completely degrade engulfed POS (Fig. 7d) . To determine if excess peak phagosomes in the RPE were indeed due to the specific contribution of sema4D on plxnB1 signaling, we used our established experimental approaches to examine the effect of receptor KO on the process. Like for sema4D KO mice, we did not observe abnormal retinal morphology or expression of phagocytic proteins (Fig. 8a, b) . Retinal marker proteins were also normal except a~40% reduction in PSD95. Like sema4D KO RPE, plxnB1 KO RPE contained excess phagosomes 1 h after light onset (Fig. 8c, d) . Moreover, plxnB1 KO RPE retained significantly more phagosomes than WT RPE by 8 h after light onset suggesting that its POS clearance may be delayed (Fig. 8d) . Altogether, sema4D and plxnB1 KO retina are phenotypically similar with only minor and divergent differences in levels of specific proteins (of MFG-E8 and PSD95), the relevance of which will need to be established elsewhere. With respect to RPE phagocytosis, loss of sema4D ligand and plxnB1 receptor has the same consequence increasing peak POS phagosome levels in the RPE. Together with our findings that exogenous sema4D inhibits POS engulfment by RPE in culture ( Fig. 1) and that sema4D signals through plxnB1 before but not after light onset in WT retina in vivo (Fig. 5) , these results indicate that the diurnal phagocytic burst of the RPE requires inactivation of sema4D/plxnB1 signaling, which occurs in the retina after light onset.
Discussion
Expression of sema4D/plxnB1 by diverse cell types has been reported in the past years suggesting widespread functional relevance of signaling through this receptor-ligand pair. We show in this study for the first time that sema4D and plxnB1 are expressed in the retina in neighboring photoreceptor cones and RPE, respectively. In contrast to the A-subfamily plexins, which are predominantly expressed in the developing nervous system, plxnB1 are widely distributed in many tissues and cell types [31] . In the retina, we found plxnB1 receptors only in the RPE/choroid fraction. The localization of sema4D in adjacent photoreceptors matches the known mode of interaction of sema4D and plxnB1 c-termini that align in an antiparallel fashion allowing signaling between opposing cell surfaces [32] . Sema4D dimerization in conjunction with plxnB1 complex formation [32] [33] [34] could explain the punctate pattern of sema4D that we observed in the live stained whole mount retina.
Our data reveal dynamic presence of sema4D in the retina with outer segment sema4D decreasing significantly in a diurnal fashion and after light onset. In platelets full-length transmembrane sema4D protein of~150 kDa can be cleaved by the metalloprotease ADAM17 yielding an active extracellular soluble fragment of~120 kDa that may interact with PlxnB1 receptors localized in distant cells [35, 36] . In head and neck squamous cell carcinoma sema4D is cleaved by membrane type 1-matrix metalloproteinase (MT1-MMP) [37] . In the retina, we detected by immunoblotting only a single band of~150 kDa. The decline in sema4D levels in WT retina after light onset did not correlate with appearance of additional bands on sema4D immunoblots. Moreover, the live immunostaining of sema4D in whole mount retina using an antibody against the extracellular domain showed a punctate-rather than a diffuse-staining pattern that was restricted to cone photoreceptors. The extent of decrease after light onset observed by localized outer segment immunostaining was far greater than the decrease observed by whole retina immunoblotting suggesting that full-length sema4D may be present but not vary after light onset in areas of the retina not accessible to the live antibody labeling. Altogether, our data on localization and change after light onset lead us to conclude that sema4D in rat retina is present in the outer segment region of the neural retina as localized full-length transmembrane protein that is not cleaved by extracellular proteases to generate an extracellular fragment, which would be recognizable by our sema4D antibody. Degradation into products that cannot be recognized by our antibody likely causes the decline of detectable cone outer segment-associated sema4D after light onset in WT retina. Its molecular mechanisms will need to be studied elsewhere.
The dramatic increase after light onset regulated by circadian rhythms is the primary characteristic of POS phagocytosis by the RPE in vivo. Much progress has been made identifying the basic phagocytic uptake pathway used by RPE cells that involves activating αvβ5 integrin and MerTK receptors after light onset. In contrast, the underlying molecular mechanisms synchronizing the activity of this pathway to yield the daily phagocytic burst are still incompletely understood. Lack of αvβ5 integrin or its physiological ligand MFG-E8 in KO mice eliminates the daily burst resulting in a constant, nonrhythmic phagocytosis at basal levels by RPE cells instead [15, 16] . Here, we show that active sema4D/plxnB1 signaling occurs mainly before light onset and inhibits POS phagocytosis. Both ligand and receptor KO mice share a phenotype of excess phagocytic burst after light onset. We propose that inhibitory sema4D/plxnB1 signaling just before light onset serves as a brake of the RPE's phagocytic activity whose irreversible release through sema4D degradation permits the phagocytic burst.
Our experiments identify the GTPase Rac1 as one molecular target of sema4D/plxnB1 inhibitory signaling. Rac1 activity is essential and dependent on MFG-E8-αvβ5 signaling during RPE phagocytosis [19] . We found that experimentally activating Rac1 is sufficient to abolish the inhibitory effect of sema4D/plxnB1 signaling on POS phagocytosis. Thus, mechanistically, sema4D/plxnB1 signaling acts as an upstream regulatory mechanism that inhibits phagocytic integrin signaling by preventing Rac1 activation. How sema4D/plxnB1 signaling itself is synchronized remains to be studied. An important clue may be its dysregulation in retina lacking MerTK, which implies either a role for specific substrates of active MerTK or a role for molecules altered by phagocytic intake.
Taking advantage of our ability to experimentally separate the sequential steps of the phagocytic process, we determined that sema4D/plxnB1 signaling did not affect surface binding by POS, which depends on integrin αvβ5 but not MerTK. We conclude that sema4D signaling does not inhibit integrin activity of RPE cells unlike what is known from other systems [38] [39] [40] [41] . Moreover, we did not detect any effect by sema4D/ plxnB1 stimulation on Akt kinase activation by RPE cells in response to POS [20] indicating that sema4D does not act via Akt to inhibit phagocytosis, although this signaling pathway activates Akt kinases in endothelial cells [13] . Finally, RhoA activity may be modulated by sema4D/plxnB1 signaling, and semaphorin A39R inhibits phagocytosis by dendritic cells and neutrophils due to cell contraction and F-actin condensation that involved Rho kinase [42] . Our experiments did not detect an effect of inhibitory concentration of sema4D on levels of active RhoA in RPE cells during phagocytosis. We conclude from these signaling studies that sema4D/plxnB1 signaling inhibits POS phagocytosis by acting on Rac1 specifically.
In retina whose RPE fails to phagocytose POS such as the RCS rat retina, retinal degeneration occurs with early onset and rapid progression to photoreceptor loss and complete blindness. Although we found abnormal POS phagocytosis by RPE cells with an exacerbated phagocytic burst in both sema4D and in plxnB1 KO mice, changes in retinal morphology let alone overt retinal degeneration were not apparent in either mouse strain. In sema4D and plxnB1 KO mice, excess POS phagosomes may not be immediately harmful to the RPE if their phagolysosomal systems cope with the POS load and complete digestion within 24 h before the next phagocytic burst. These findings are similar to the overall normal tissue morphology seen in mice lacking αvβ5 integrin, whose RPE retains basal uptake activity but lacks the phagocytic burst [16] . RPE cells lacking αvβ5 gradually accumulate in their lysosomes excess autofluorescent material-often called lipofuscin-resulting in increased oxidative stress, damage to the RPE F-actin cytoskeleton, and loss of function of photoreceptors by 12 months of age [43] . For this project, we were limited to studying 3-4-month-old mice, which allowed us to focus on the primary consequence of lack of sema4D/plxnB1 signaling as compared to secondary cumulative damage with age. Our data show that clearance capacity at this age is sufficient to prevent phagosome buildup. However, it is possible that daily excess phagocytic intake at light onset will eventually affect RPE turnover pathways and indirectly neural retina function in sema4D and plxnB1 KO mice.
In conclusion, we found that sema4D/plxnB1 signaling acts upstream of the known αvβ5-MerTK-dependent POS phagocytosis mechanism to attenuate POS uptake by RPE cells in culture and in vivo. Our data identify sema4D and plxnB1 as physiologically relevant to the photoreceptor outer segment renewal mechanism that is essential to maintain longterm health and functionality of the retina and thus visual function.
